GABA A receptors are critical mediators of fast synaptic inhibition in the brain, and the predominant receptor subtype in the central nervous system is believed to be a pentamer composed of ␣, ␤, and ␥ subunits. Previous studies on recombinant receptors have shown that protein kinase C (PKC) and PKA directly phosphorylate intracellular serine residues within the receptor ␤ subunit and modulate receptor function. However, the relevance of this regulation for neuronal receptors remains poorly characterized. To address this critical issue, we have studied phosphorylation and functional modulation of GABA A receptors in cultured cortical neurons. Here we show that the neuronal ␤3 subunit is basally phosphorylated on serine residues by a PKC-dependent pathway. PKC inhibitors abolish basal phosphorylation, increasing receptor activity, whereas activators of PKC enhance ␤3 phosphorylation with a concomitant decrease in receptor activity. PKA activators were shown to increase the phosphorylation of the ␤3 subunit only in the presence of PKC inhibitors. We also show that the main sites of phosphorylation within the neuronal ␤3 subunit are likely to include Ser-408 and Ser-409, residues that are important for the functional modulation of ␤3-containing recombinant receptors. Furthermore, PKC activation did not change the total number of GABA A receptors in the plasma membrane, suggesting that the effects of PKC activation are on the gating or conductance of the channel. Together, these results illustrate that cell-signaling pathways that activate PKC may have profound effects on the efficacy of synaptic inhibition by directly modulating GABA A receptor function.
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GABA A 1 receptors are key mediators of fast synaptic inhibition in the brain. These receptors are pentameric hetero-oligomers that can be assembled from 6 subunit classes with multiple members: ␣(1-6), ␤(1-3), ␥(1-3), ␦, ⑀, and subunits (1) (2) (3) (4) . Heterologous co-expression of receptor ␣, ␤, and ␥ subunits has been shown to reproduce many of the physiological and pharmacological properties of neuronal GABA A receptors (1) (2) (3) (4) .
There is considerable interest in understanding the endogenous mechanisms used by neurons to regulate GABA A receptor function. Much emphasis has focused on the role of receptor phosphorylation because the observation that purified receptor preparations are phosphorylated by cAMP-dependent protein kinase (PKA) and protein kinase C (PKC) (5) (6) (7) . Studies on recombinant receptors have revealed that receptor ␤ and ␥ subunits are substrates for a number of protein kinases. Specifically, the ␤ subunits are phosphorylated on a conserved serine residue (Ser-409 or Ser-410) by PKC, PKA, Ca 2ϩ /Calmodulindependent protein kinase (CamKII), and cGMP-dependent protein kinase (8 -11) . Ser-408 is also a PKA substrate in the ␤3 subunit (12) . GABA A receptors are also substrates of the prototypic tyrosine kinase SRC which predominately phosphorylates Tyr-365 and Tyr-367 within the ␥2 subunit (13, 14) . Phosphorylation of recombinant receptors by either PKA or PKC causes diverse functional effects ranging from enhancements to inhibitions depending on the identity of the expressed subunits, the identity of the sites phosphorylated and the mode of kinase activation (12, (15) (16) (17) . The role of protein kinase activity in modulating neuronal GABA A receptors has been largely studied with electrophysiological approaches (15, 17) . Collectively, these studies have revealed that receptor function can be modulated by agents that modify the activity of PKC or PKA. However, whether changes in the levels of the phosphorylation of GABA A receptor subunits underpin these changes in receptor function remains unknown.
To address this issue we have used both biochemical and electrophysiological methodologies to examine the regulation of GABA A receptor function by protein kinase activity in cultured cortical neurons. Our results reveal that the ␤3 subunit is basally phosphorylated by a PKC-dependent pathway. PKC inhibitors abolish this basal phosphorylation with an increase in channel activity. Whereas activators of PKC enhance the level of ␤3 phosphorylation leading to a decrease in channel activity. We show that this differential modulation of channel function is underpinned by changes in stoichiometry of receptor phosphorylation. Activators of PKA only increase the level of ␤3 phosphorylation in the presence of PKC inhibitors, suggestive of a complex interplay between different protein kinases and the receptor. Our results suggest that cell signaling pathways that control the activity of PKC may have profound effects on GABA A -mediated synaptic inhibition by directly modulating the level of receptor phosphorylation.
EXPERIMENTAL PROCEDURES
Preparation and Phospholabeling of Cortical Neurons-Cultures of cortical neurons were prepared from embryonic day 19 rats as described previously (18, 19) . After 7 days in culture, neurons were washed in phosphate-free medium (Life Technologies, Inc. Ltd; 37°C, 10% CO 2 ) and incubated for 4 h in phosphate-free medium containing 0.5 mCi/ml [ 32 P]orthophosphoric acid (Amersham Pharmacia Biotech). Approximately 10 6 neurons were used per treatment. Protein kinase activators and inhibitors (Calbiochem) were added for 5-30 min during or at the end of the labeling period. GABA A receptors were then immunoprecipitated using a polyclonal antisera against the receptor ␤-1/3 subunits coupled to protein A-Sepharose as described below.
Transfection and Phospholabeling of A293 Cells-A293 cells were transfected with the murine GABA A receptor ␣1 and ␤3 cDNAs by electroporation (12) . 24 h after transfection expressing cells were incubated for 4 h in phosphate free media containing 0.5 mCi/ml [ 32 P]orthophosphoric acid (Amersham Pharmacia Biotech, Ref. 12). GABA A receptors were then immunoprecipitated using a polyclonal antisera against the receptor ␤-1/3 subunits coupled to protein A-Sepharose as described below.
Immunoprecipitation-Cortical neurons or A293 cells transiently expressing GABA A receptors were solubilized in a buffer containing 1% Triton X-100, 0.5% deoxycholate, 10 mM sodium pyrophosphate, 20 mM sodium phosphate, 40 mM Tris, pH 7.4, 50 mM sodium fluoride, 150 mM sodium chloride, 1 mM sodium vanadate, 5 mM EGTA, 5 mM EDTA, 5 mM phenylmethylsulfonyl fluoride, 20 g/ml antipain, leupeptin, pepstatin, and 10 units/ml aprotinin. After microcentrifugation at 14,000 rpm, the detergent-soluble cell lysates were corrected for protein concentration using a standard protein assay (Bio-Rad). GABA A receptors were then immunoprecipitated using a polyclonal antisera against the receptor ␤1/3 (12) or ␤3 subunits (20) coupled to protein A-Sepharose as described previously (18) . Precipitated material was resolved by SDS-PAGE, visualized by autoradiography, and quantified using a phosphorimager (Bio-Rad). For the experiment in Fig. 1A , precipitated material was subjected to Western blotting with antisera against the ␤3 receptor subunits (20) . In the experiment in Fig. 5C , total detergent solubilized neuronal extracts were blotted with antisera against the ␤3 subunit (20). Western blots were visualized by ECL (Amersham Pharmacia Biotech) and quantified using a densitometer within the linear range of the film.
Phosphoamino Acid Analysis and Peptide Mapping-Phosphoamino acid analysis and phosphopeptide mapping were performed on excised gel slices as described previously (8, 9) . Phosphopeptides and phosphoamino acids were visualized by autoradiography.
Patch Clamp Recording-Coverslips containing the cultured neurons were transferred to a recording chamber that was mounted on the stage of an inverted microscope (Nikon, Diaphot 300). The external solution contained NaCl (120 mM), KCl (3 mM), HEPES (5 mM), NaHCO 3 (23 mM), glucose (11 mM), MgCl 2 (1.2 mM), CaCl 2 (2.5 mM), tetrodotoxin (0.0005 mM, 294 mosM). When bubbled with a mixture of 95% O 2 , 5% CO 2 , the pH of this solution was 7.35. The recording chamber was perfused at a rate of 5-10 ml/min and maintained at 32°C. The internal solution was comprised of potassium acetate (80 mM), KCl (30 mM), HEPES (40 mM), MgCl 2 (1 mM), ATP (4 mM, Mg 2ϩ salt), and ATP (2 mM, Na ϩ salt adjusted to pH 7.3-7.4 with KOH and to 280 mosM with potassium acetate). Pipettes had a resistance of 3-4.5 M⍀ when filled with this internal solution. Patch clamp experiments were carried out in the whole cell configuration of the whole cell technique (21) using an Axopatch 200A amplifier (Axon Instruments). Series resistance and membrane capacitance were partially compensated (70 -80%) and current traces were low pass filtered at 2 kHz using a four-pole Bessel filter. The holding potential in all experiments was Ϫ60 mV. GABA was applied using a large-bore micropipette placed 50 -100 m away from the neuron under study. GABA was prepared daily from frozen stock solutions (100 mM). In Figs. 7D and 8B only responsive cells to PDBu and/or calphostin C have been included in the data sets. Data are expressed as mean Ϯ S.E. unless otherwise noted. Statistical analysis used either two-way analysis of variance or Student's t test. In Fig. 7D , paired t test was applied at the steady-state of the effects of PDBu and/or calphostin C. p Ͻ 0.05 was considered significant.
Cell Surface ELISA-Cortical neurons were grown on glass coverslips and treated with 100 nM PDBu or 4-␣-phorbol for 30 min at 37°C. Samples were washed four times in phosphate-buffered saline, fixed for 10 min in phosphate-buffered saline containing 3% paraformaldehyde and washed three times. Cells were then incubated in primary antibody BD17 (5 g/ml, Roche Molecular Biochemicals) and then incubated with a horseradish peroxidase-conjugated goat anti-rat IgG (Amersham Pharmacia Biotech), washed six times, and incubated with 500 l of 3,3Ј,5,5Ј-tetramethylbenzidine (Sigma) for exactly 1 h. The supernatant was transferred to a cuvette, and absorbance determined at 655 nm in a Beckman DU650 spectrophotometer (22) . The data were then compared with values obtained from neurons treated with vehicle alone, which were given a value of 100%.
RESULTS
The GABA A Receptor ␤3 Subunit Is Basally Phosphorylated in Cortical Neurons-Immunoprecipitation was used to examine the phosphorylation of GABA A receptors in cultured cortical neurons. Previous studies have revealed that cortical neurons express the GABA A receptor ␣1-5, ␤2-3, and ␥2 subunits in unknown assemblies (1, 2, 23, 24) . Detergent-solubilized extracts of cultured cortical neurons were immunoprecipitated with anti-␤1/3 and anti-␤3 antibodies or with control IgG. This procedure resulted in the immunoprecipitation of a major band of 57 kDa that was recognized by an antisera specific for the ␤3 subunit by Western blotting (Fig. 1A ). Material precipitated with anti-␤1/3 was also probed with antisera specific for the ␤1 subunit (25) . No signal was obtained with this antisera suggesting that only low amounts of ␤1 subunit are expressed in cultured cortical neurons (25) . A molecular mass of 57 kDa has previously been reported for the ␤3 subunit in A293 cells and cortical neurons (12, 18, 20) . Immunoprecipitation with anti-␤1/3 from cortical neurons that had been prelabeled with [ 32 P]orthophosphoric acid specifically precipitated a major phosphoprotein of 57 kDa, demonstrating that the ␤3 subunit is basally phosphorylated in cortical neurons (Fig. 1B) . Phosphoamino acid analysis of the immunoprecipitated material revealed that the ␤3 subunit was phosphorylated predominantly on serine residues (Fig. 2) . The phosphorylation of the ␤3 subunit was also analyzed in transfected A293 cells by immunoprecipitation after prelabeling with [
32 P]orthophosphoric acid. A major phosphoprotein of 57 kDa was selectively precipitated from cells expressing the ␤3 subunit, indicating that the recombinant protein is basally phosphorylated (Fig.  1C) . Phosphoamino analysis also identified the basal phosphorylation to be on serine residues in A293 cells (Fig. 2) . Phosphorylation of the ␤3 subunit in cortical neurons and A293 cells was compared using phosphopeptide mapping. Peptide maps of the ␤3 subunit expressed in cortical neurons and in A293 cells revealed similar patterns of phosphorylation, with the presence of three basic phosphopeptides (a-c; Fig. 3, A and B) . Coapplying the two samples produced identical maps (data not shown). Together these observations confirm that the ␤3 subunit is basally phosphorylated on serine residues in cortical neurons and in A293 cells.
Basal Phosphorylation of the ␤3 Subunit in Cortical Neurons Is Mediated by PKC Activity-GABA A receptor ␤ subunits are phosphorylated by a number of second messenger-dependent protein kinases in recombinant preparations, including PKA, PKC, CamKII, and cGMP-dependent kinase (11, 12, 15) . To determine whether any of these kinases were responsible for the basal phosphorylation of the ␤3 subunit in cortical neurons, specific kinase inhibitors were utilized. Inhibitors of PKA (Sp-8-Br-cAMP) or CamKII (KN-93) had little effect on the basal phosphorylation (less than 10% in three separate experiments) of the ␤3 subunit (Fig. 4) . However, inhibition of PKC activity with the specific PKC inhibitor calphostin C had a dramatic effect on phosphorylation of the ␤3 subunit. Quantitation of inhibition indicated that calphostin C produced a 3-fold decrease (0.34 Ϯ 0.1 of control, n ϭ 3) in ␤3 subunit phosphorylation (Table I) . Together, these observations strongly suggest that a PKC-dependent pathway is responsible for the high basal phosphorylation of the ␤3 subunit in cortical neurons.
Phosphorylation of the ␤3 Subunit Is Modulated by PKC and PKA Activators-To further analyze the role of PKC activity in controlling the phosphorylation of the ␤3 subunit in cortical neurons, the effect of phorbol esters was tested. Treatment of cortical cultures with 100 nM PDBu, a potent activator of PKC, caused a time-dependent increase in the phosphorylation of ␤3 as measured by immunoprecipitation after [
32 P]orthophosphate labeling (Fig. 5, A and B) . This increase was evident after 5 min and reached steady state after 15 min (Fig. 5, A and B) . Therefore, all further experiments were performed after 15 min of exposure to the kinase activator. PDBu on average produced a 2.4-fold increase in ␤3 subunit phosphorylation (Table I) . PKC activity did not appear to be associated with receptor degradation as illustrated by Western blotting with ␤3-specific antisera which revealed identical protein levels in the presence and absence of PDBu treatment (Fig. 5C) . Similar results were seen in two other experiments. PDBu-mediated phosphorylation of the ␤3 subunit was also analyzed by peptide mapping (Fig. 3C) . These studies revealed similar peptide maps as seen under basal conditions, with the peptides a-c being evident in both instances. However, a new phosphopeptide d, with a charge close to neutrality was also observed (Fig. 3C) . These results are in agreement with studies on recombinant receptors, which have revealed that Ser-408 and Ser-409 are the major sites of phosphorylation for PKC in the ␤3 subunit (11, 12) . Studies on recombinant receptors have also revealed that the ␤3 subunit is phosphorylated by PKA on residues 408 and 409 when expressed in A293 cells (12) . To analyze whether the ␤3 subunit can be phosphorylated in cortical neurons by PKA, cultures were prelabeled with [
32 P]orthophosphoric acid and treated with forskolin prior to immunoprecipitation. Forskolin was without effect on ␤3 subunit phosphorylation in cortical neurons (Fig. 6, lane 2) resulting in a peptide map similar to basal conditions with peptides a-c evident (Fig. 3D) . Identical results were seen with two separate sets of cultures. However treatment of cultures with calphostin C, which reduces basal PKC phosphorylation of the ␤3 subunit (Fig. 4) , and forskolin produced a significant enhancement of ␤3 phosphorylation (2.9 Ϯ 0.4 n ϭ 3, significantly different from control using a Student's t test; Fig. 6, lane 4) . The phosphorylation of the ␤3 subunit by forskolin in this instance was also analyzed by phosphopeptide mapping (Fig. 3E) , which revealed the presence of the same three phosphopeptides seen under basal conditions and the additional peptide d (Fig. 3E) . Peptide d is also seen on PKC stimulation, suggesting that both PKC and PKA phosphorylate common residues in the ␤3 subunit. The peptide maps of the ␤3 subunit phosphorylated in neurons were then compared with the peptide map of the ␤3 subunit phosphorylated by PKA in A293 cells (Fig. 3F) . The map from A293 cells was identical to that seen for the ␤3 subunit phosphorylated in neurons by either PKA or PKC. Site-specific mutagenesis of the ␤3 subunit in A293 cells has revealed that peptide d represents simultaneous phosphorylation of both Ser-408/409 in the ␤3 subunit by PKA or PKC (11, 12) . Therefore, the presence of peptide d in maps of neuronal PKA and PKC phosphorylated ␤3 subunit strongly suggests that both Ser-408 and Ser-409 are sites of phosphorylation for these kinases in neuronal GABA A receptors containing the ␤3 subunit.
Effects of Modulating PKC Activity on GABA A Receptor Function-The functional effects of PKC phosphorylation were determined by whole cell recording in pyramidal cortical neurons. Recordings from these neurons revealed that whole cell currents were well maintained with time in the absence of kinase modulators (Fig. 7D, open circles) . Superfusion of the PKC activator, PDBu (100 nM), led to a time-dependent decrease in the amplitude of the GABA A response after a 10 -15 min application (Fig. 7B ). This effect was clearly observed in 61% of neurons tested (8 of 13) and only data from these responsive cells were used for further statistical comparisons to other treatments. The inactive 4-␣-phorbol had no effect on GABA currents (Fig. 7A, n ϭ 5 of 5) . Consistently calphostin C, a specific inhibitor of PKC, caused a significant (p Ͻ 0.01, paired t test) time-dependent increase of GABA A currents (Fig.  7C , n ϭ 11 of 13), responsive cells only included in data sets. Pretreatment of cortical neurons with calphostin C for 30 min prevented the effects of PDBu (n ϭ 5 of 5, Fig. 7D ). Therefore, these observations demonstrate that the functional modulation of GABA A receptor activity can be correlated with changes in ␤3 subunit phosphorylation.
FIG. 2.
The ␤3 subunit is basally phosphorylated on serine residues in cortical neurons and A293 cells. Gel slices containing the ␤3 phosphoprotein from cortical neurons and transfected A293 cells were subjected to tryptic digestion followed by hydrolysis in 6 N HCl. The resulting phosphoamino acids were separated by thin layer chromatography. The migration of phosphoserine (pSER), phosphothreonine (pTHR), and phosphotyrosine (pTYR) standards are indicated with arrows.
To gain more information about the mechanisms underlying the modulation of GABA A responses by PKC, dose-response curves for GABA A currents were constructed in the presence of PDBu or calphostin C. Neither the EC 50 (8 M) nor the Hill coefficient (0.8 -1.0) were affected by PDBu or calphostin C treatment, but the maximal currents were enhanced by calphostin C treatment and reduced by PDBu (Fig. 8, A and B) . Overall, these data indicate that GABA A receptors in pyramidal cortical neurons can be modulated by PKC activity. Importantly, the opposite effects of PKC activators and inhibitors on GABA A receptor function strongly suggest that PKC activation decreases receptor activity.
PKC Activity Does Not Alter the Number of GABA A Receptors Expressed on the Surface of Cortical
Neurons-PKC activity has previously been shown to decrease cell surface GABA A receptor levels in expression systems (19, 26) . To determine whether PKC activity affects the level of GABA A receptors expressed on the cell surface of cortical neurons in culture, whole cell ELISA assays were utilized (22) . For these studies we used an antibody, BD17 (24) , that recognizes a conserved epitope in the extracellular domain of the ␤2 and ␤3 subunits. This antibody will recognize most GABA A receptor subtypes in cortical neurons because ␤ subunits are a prerequisite for GABA A receptor cell surface expression (27) . Using the BD17 antibody, we were unable to demonstrate any statistically significant changes in the level of surface GABA A receptors after exposure to 100 nM PDBu or the inactive phorbol ester 4-␣-phorbol (Fig. 9) . PDBu was able to increase the level of phosphorylation of the ␤3 subunit (Fig. 5) and affect the activity of the GABA A receptor (Fig. 7) , indicating that PDBu is an effective activator of PKC in cortical neurons during the time course 
TABLE I
Effect of PKC activators and inhibitors on the phosphorylation of the GABA A ␤3 subunit Phosphorylation of the ␤3 subunit was compared in neurons that had been treated with either 100 nM PDBu or 2.5 M calphostin C to modulate the activity of PKC. The ␤3 subunit was immunoprecipitated from cortical neurons prelabeled with [ 32 P]orthophosphoric acid after treatment as indicated. The level of phosphorylation was quantified using a phosphorimager. Values for cultures treated with PDBu or calphostin C were then compared to basal conditions, which was given an arbitrary value of 1. n ϭ 3 for each case. 
FIG. 5. PKC activation enhances phosphorylation of the ␤3 subunit in neurons.
A, cortical neurons were labeled with [ 32 P]orthophosphoric acid and were then treated for various time periods with PDBu (100 nM). GABA A receptors were then immunoprecipitated with anti-␤1/3 antisera, resolved by SDS-PAGE and visualized with autoradiography. B, the level of GABA A receptor ␤3 subunit phosphorylation was quantified using a phosphorimager and plotted against time. Counts are in relation to the value at the zero time point. C, samples of cortical neurons were treated with PDBu (100 nM) or treated with vehicle alone for 15 min, and the protein level of the ␤3 subunit was then evaluated with antisera specific for the ␤3 subunit by Western blotting. Data shown are representative of three independent experiments.
of the experiments. Therefore, our results strongly suggest that PKC activation has minimal effects on the cell surface stability of GABA A receptors in cortical neurons. DISCUSSION GABA A receptors are major mediators of fast synaptic inhibition in the brain, as well as important drug targets (1, 2).
Thus it is of central importance to understand the regulation of the functional properties of these receptors in their native environment. Studies on recombinant receptors have suggested that direct receptor phosphorylation of key conserved serine residues within the ␤ and ␥2 subunits is a means of regulating GABA A receptor function via PKA and PKC activation (12, 13, 16) . Kinase activation or inhibition can have significant effects on GABA A receptor function in neurons (15, 28 -31) , but the identity of the cell signaling pathways that control receptor phosphorylation in the brain remain completely unknown.
To examine this issue we have studied the regulation of GABA A receptors by protein kinases in cortical neurons, using electrophysiological, biochemical, and cell biological methodologies. Receptor phosphorylation was analyzed via immunoprecipitation with antisera specific for the ␤1/3 subunits from 32 P-prelabeled cortical neurons. This antisera immunoprecipitated a phosphoprotein of 57 kDa, which we confirmed as the ␤3 subunit. The basal phosphorylation of the ␤3 subunit was found to be dependent on a PKC-dependent pathway in these neurons. These findings correlate well with the study of recombinant receptors, which have revealed that the intracellular domain of the ␤3 subunit is phosphorylated on Ser-408/409 by PKC (11) . The basal phosphorylation of the ␤3 subunit by PKC activity is also in keeping with the association of GABA A receptors with the ␤II isoform of PKC and RACK-1 in cortical neurons (18) . The intimate association of these signaling molecules with GABA A receptors is presumably responsible for the high basal phosphorylation of the ␤3 subunit seen in this study. Furthermore, activation of PKC in cortical neurons by PDBu increases the level of PKC-␤II bound to the ␤3 subunit (18), with a resulting increase in the stoichiometry of GABA A receptor phosphorylation shown here (Fig. 5) . The ␤3 subunit is also a PKA substrate, and the major sites of phosphorylation in A293 cells have been identified as Ser-408 and Ser-409 (11, 12) . Phosphorylation of the ␤3 subunit in cortical neurons by a PKA-dependent mechanism was also evident but only in the presence of PKC inhibitors. This observation suggests a complex interplay between GABA A receptors and different signaling pathways in neurons. One intriguing mechanism to explain our observations is that PKC-mediated phosphorylation occludes PKA-mediated phosphorylation, via the direct binding of PKC or RACK-1 to the intracellular domain of the ␤3 subunit (18) .
To directly compare the sites of phosphorylation within the ␤3 subunit to those identified in recombinant receptors, we utilized peptide mapping. Both PKA and PKC phosphorylate Ser-408 and Ser-409 within the intracellular domain of the ␤3 subunit expressed either as a glutathione S-transferase fusion protein or in A293 cells (11, 12) . The peptide maps of the ␤3 subunit phosphorylated by PKC or PKA in neurons were very similar to the peptide map of the ␤3 subunit expressed in A293 cells. These results suggest that in neurons, the major phosphorylation sites within the ␤3 subunit are likely to include Ser-408 and Ser-409. These residues have been previously identified in recombinant receptors and play a critical role in mediating functional modulation of GABA A receptors by kinase activity (9, 10, 12) .
To identify the functional consequences of modulating the level of ␤3 subunit phosphorylation in neurons, electrophysiological recordings were utilized. Inhibition of PKC with calphostin C produced a time dependent increase in whole cell currents. In contrast, PDBu produced a time-dependent decrease in whole cell currents. Together these results show that changes in receptor function correlate precisely with changes in ␤3 subunit phosphorylation. However, to definitively prove that these functional effects are mediated by direct phospho- rylation of the ␤3 subunit awaits the production of mice in which selective GABA A receptor phosphorylation sites have been ablated by homologous recombination. Interestingly, there did not appear to be any obvious relationship between the magnitude in the changes of ␤3 subunit phosphorylation seen on PDBu treatment (2.4-fold increase in 32 P incorporation) and the modest reduction in whole cell currents (25% decrease in 61% of neurons). However, given that cortical neurons express a large multiplicity of GABA A receptor subunits, this discrepancy may result from receptor heterogeneity, with distinct receptor populations that are differentially regulated by PKC activity (29, 30) . Dose-response analysis revealed that PKC activity affected the maximal GABA evoked response with no effects on agonist potency in cortical neurons. This is consistent with previous studies on recombinant receptors composed of ␣1␤1, ␣1␤1␥2S, and ␣1␤1␥2L where PKC phosphorylates sites within the ␤1, ␥2S, and ␥2L subunits (10) . In the case of ␤3 subunit-containing receptors, PKC activation inhibits ␣1␤3␥2L containing receptors via phosphorylation of Ser-408/409 in ␤3 and Ser-327/ 343 in ␥2L.
2 PKC activity can also produce large reductions (80%) in cell surface levels of ␣1␤1-3␥2S-containing receptors expressed in A293 cells and Xenopus oocytes, independent of direct receptor phosphorylation (19, 26) . To determine whether PKC activity in cortical neurons had any effect on cell surface expression, cell surface receptor levels were evaluated by whole cell ELISA. No significant difference between control cultures and those exposed to PKC activators could be seen. If receptor internalization was of major significance in our experiments a decrease of 15.5% in cell surface expression would be expected. 9 . Protein kinase C activity does not alter the cell surface levels of GABA A receptors incorporating either the ␤2 or ␤3 subunits in cortical neurons. Cortical neurons were treated with 100 nM PDBu or 4-␣-phorbol or vehicle alone for 30 min. The neurons were fixed and cell surface levels of GABA A receptors containing the ␤2 or ␤3 subunits were measured via whole cell ELISA with the antibody BD17. Surface receptor levels were measured as absorbance at 655 nm and compared with control untreated neurons, which were given a value of 100%. n ϭ 3 in all treatments. Background absorbance in the absence of primary antibody (less than 2% of the specific signal) was subtracted from all values. Bars indicate mean Ϯ S.D.
neurons. This difference in the effects of PKC activity on the cell surface expression of recombinant and neuronal receptors may reflect the specific anchoring of GABA A receptors to the cytoskeleton by molecules such as gephyrin and/or GABARAP in neurons, as compared with heterologous expression systems (32, 33) . Phorbol ester treatment has also been reported to inhibit GABA A receptor function in a number of neuronal preparations including synaptosomes and ganglionic neurons (10, 34) . However PKC activity can enhance GABA A receptor function in olfactory and hippocampal neurons (29, 30) . Whether these differential effects of PKC activation result from heterogeneity of GABA A receptor structure or the activation of differing cell signaling pathways by PKC activity remains to be established. The importance of PKC activity in modulating GABA A receptor function has recently been suggested by deletion of either the ␥ or ⑀ PKC isoforms in mice resulting in altered GABA A receptor pharmacology (35, 36) .
In conclusion, we have demonstrated that GABA A receptor function and phosphorylation can be dynamically regulated by PKC activity in intact neurons. Therefore, neurotransmitters and other cell signaling molecules that activate PKC signaling pathways may have profound effects on synaptic inhibition via direct modulation of GABA A receptor subunit phosphorylation.
